The cation specific ionophore A23187 (Io) is a useful tool for studying the role of intracellular Ca++ (Ca++)i in physiologic processes. The present studies explore the role of (Ca++)i on Na transport in the toad bladder. Scraped bladder cells exposed to 1 muM Io for 60 min took up 100% more 45Ca than control cells. Io, 1 muM, added to the serosal side of bladders incubated in standard Ringers containing 2.5 mM Ca++ inhibited short circuit current (SCC) values by a mean of 30% at 60 min and 50% at 90 min. Io did not inhibit SCC significantly in bladders incubated in Ringers containing 0.2 mM Ca++. These data indicate that the effects of Io on SCC depend on the levels of external Ca++ and suggest that entry of Ca++ into cells mediates the inhibition of base-line SCC. PReincubation of the bladders with either lanthanum chloride or pentobarbital prevented the increased 45Ca uptake produced by ionophore as well as theinhibition of SCC caused by the antibiotic. Vasopressin, antidiuretic hormone (ADH). 10 MU/ml, increased peak SCC by 247% in bladders preincubated for 1 h in Ringers with 2.5 mM Ca++ and 1 muM Io and by 318% in control bladders (P less than 0.01). Bladders exposed to 1 muM Io in Ringers with 0.2 mM Ca++ had an increase in SCC […] 
A B S T R A C T The cation specific ionophore A23187 (To) is a useful tool for studying the role of intracellular Ca++ (Ca++)i in physiologic processes. The present studies explore the role of (Ca++)i on Na transport in the toad bladder. Scraped 10 mU/ml, increased peak SCC by 247% in bladders preincubated for 1 h in Ringers with 2.5 mM Ca++ and 1 AM To and by 318% in control bladders (P <0.01). Bladders exposed to 1 AM To in Ringers with 0.2 mM Ca++ had an increase in SCC after ADH comparable to that observed in controls. Since the effects of ADH on SCC are mediated by cyclic AMP, we tested the effects of To on cAMP production by scraped toad bladder cells. ADH increased cAMP from 8 to 30 pmol/mg protein in controls but it did not increase cAMP over base-line values in the presence of To when the Ringers contained 2.5 mM Ca++. To did not inhibit cAMP producDr. W. Wiesmann was supported by a Fellowship from the Missouri Heart Association.
Received for publication 13 September 1976 and in revised form 15 November 1976. tion in response to ADH when the Ca++ in the Ringers was 0.2 mM. The results indicate that To inhibits base-line and ADH stimulated SCC by increasing (Ca++)i or Ca++ bound to the cell membrane. It is suggested that: (1) (Ca++)i or membrane-bound Ca++ plays a key role in base-line and ADH stimulated Na transport in the toad bladder; (2) inhibition of ADH stimulated SCC may be due in part to decreased cAMP generation in response to ADH when (Ca++)i or membrane-bound Ca++ levels are increased.
INTROD UCTION
Previous studies designed to investigate the effects of calcium on sodium and water transport across epithelial membranes were performed by changing the concentration of Ca++ in the bathing medium (1) (2) (3) (4) (5) . Calcium concentrations of 10 mM in the solution bathing the serosal surface of the toad bladder (1, 2) were found to inhibit vasopressin-stimulated osmotic water flow by approximately 65%, but had no effect on the base-line short circuit current or on the vasopressin-stimulated increase in short circuit current (a measure of net sodium transport). Changes in extracellular calcium concentrations may modify cell function, through possible alterations in intracellular calcium concentration, or by direct effects of external calcium on intercellular channels, or on the membrane (6). However, changes in extracellular calcium may not significantly alter cytoplasmic calcium levels due largely to the low permeability ofthe cell membrane to calcium and to other mechanisms that maintain cytoplasmic calcium concentrations at levels approximately 1,000 times lower than those in the extracellular medium (6 tissues. Inhibitory effects of calcium on broken cell enzyme preparations (adenyl cyclase, Na-K ATPase) have strongly suggested a regulatory role for intracellular calcium (7, 8) . In an effort to study the effects of changes in intracellular calcium on sodium transport across the toad bladder we have tried to modify the levels of cell calcium by utilizing a recently discovered cation-specific ionophore, A23187. This antibiotic has proven to be an important tool in the investigation of the role of intracellular calcium concentrations in cell function in various tissues (9) (10) (11) . The ionophore A23187 is capable of chelating calcium or magnesium and to affect a marked increase in the uptake of cytoplasmic calcium in numerous tissues which have been studied (9) (10) (11) (12) . In contrast to the results obtained in the toad bladder when extracellular calcium concentration was increased to 10 mM (see above), we found in the present experiments that addition of the ionophore to the bladder inhibits basal and ADH stimulated sodium transport presumably by increasing intracellular calcium. These effects were markedly blunted when the concentration of calcium in the external bathing medium was decreased from 2-2.5 to 0.2 mM suggesting an important physiologic role for cytoplasmic calcium or membrane-bound calcium in the regulation of basal and antidiuretic hormone (ADH)1 stimulated sodium transport. 
METHODS

RESULTS
Effects ofionophore on 45Ca uptake by toad bladder epithelial cells. Table I shows the accumulation of Effects of lonophore on Sodium Transport The exact location ofthe radioactive calcium accumulation, ofcourse, cannot be determined from these experiments. Since the preincubation, however, was performed in Ringers containing 2 mM calcium, it seems unlikely that the 45Ca accumulation measured was mainly due to nonspecific binding since these sites were presumably already occupied. Effects of ionophore on SCC. Fig. 1 depicts the effects of adding 1 ,u M ionophore on SCC and potential difference in a single hemibladder mounted in standard Ringer's solution containing 2.5 mM calcium. The ionophore was added to the serosal side after a prolonged and stable base-line control period. An equal concentration of the diluent (DMSO) added to the control hemibladder was without effect on the SCC or potential difference. Ionophore (1 uM) produced a small increase in SCC, approximately 10-15 min after the addition of the antibiotic. This increase in SCC did not persist and was followed approximately 20 min later by the initiation of a gradual decline in SCC over the next 40-50 min. Ionophore also resulted in a fall in potential difference values which paralleled the decrease in SCC. This was a characteristic response in over 90% of the bladders tested in this manner. Addition of the ionophore to the mucosal media had no effect on SCC. Likewise, experiments in which the bathing media was changed on several occasions in an attempt to reverse the effect of the ionophore were unsuccessful, once the bladder had been exposed to the antibiotic. (15, 16) . Pentobarbital also seems to affect Ca++ fluxes in myocarditum (17) . The effects of pentobarbital are prestumably mediated by inhibiting the movemenit of Ca++ across "specific" channels (16, 18) , whereas recent evidence stuggests that lanthanum chloride may displace calcitum from the ionophore chelating matrix and thereby prevent its uptake (19 plasmic calcium concentrations, the antibiotic would be expected to inhibit ADH-stimulated adenyl cyclase activity and decrease the production of cyclic AMP.
To examine this question we studied the effects of ADH on the SCC of control bladders, exposed to diluent (DMSO), and of bladders preincubated for 1 h with 1 ,uM ionophore. Fig. 4 depicts the mean peak response in SCC, expressed as a percent of control, in 12 matched hemibladders after addition of 10 mU/ml of ADH to the serosal media. The increase in SCC in control bladders averaged 318%, a value significantly greater than the mean value of 247% obtained in bladders exposed to 1 ,AM ionophore for 90 min before the addition ofADH.
These results were obtained in bladders incubated in a Ringers containing 2.5 mM Ca++. However, when the calcium concentration of the bathing medium was reduced to 0.2 mM there was no significant difference in the response to ADH between control and ionophore treated bladders. These results again suggest that the inhibitory action of ionophore of the ADH stimulated SCC in the toad bladder is affected by the concentration of external calcium.
Effect of ionophore on cyclic AMP-stimulated SCC. The maximal response in SCC, expressed as a percent of control values, after addition of 50 ,M dibutyryl cyclic AMP was measured in bladders previously exposed for 60-90 min to 1 ,uM ionophore or diluent (DMSO) in Ringers containing 2.5 mM calcium. The results are presented in Fig. 5 . There was no difference in the increment in SCC produced by cyclic AMP in bladders exposed to ionophore vs. control bladders. These data again suggest that the inhibition of ADH-stimulated SCC produced by ionophore is mediated, at least in part, by decreased generation of cyclic AMP in response to ADH.
The effect of ionophore on the generation of cyclic 422 W. Wiesmann, S. Sinha, and S. Klahr AMP in scraped epithelial cells. The cells scraped from quarter bladder segments pretreated with ionophore for 1 h and then exposed to 10 mU/ml of vasopressin for 30 min in Ringers containing 2.5 mM Ca++ and 10 mM theophylline, had significantly (P < 0.01) lower levels of cyclic AMP than cells obtained from control bladder segments. However, when the incubation medium contained 0.2 mM Ca there was no statistical difference in the levels of cyclic AMP in response to ADH in control vs. ionophore-treated bladders. The results of these experiments are summarized in Fig. 6 . DISCUSSION The divalent cation specific ionophore A23187 is capable ofeffecting the transport ofcalcium and magnesium across numerous tissues including artificial lipid bilayer membranes (9) (10) (11) (12) . We have utilized this antibiotic in an effort to explore the role of changes in intracellular calcium on the physiologic parameters governing base-line and ADH-stimulated SCC in the toad bladder. Since the Ringers used contained no magnesium, we have assumed that the effects observed are the result of ionophore mediated changes in calcium influx rather than magnesium entry into cells. However, it is somewhat more difficult to exclude a role of decreased intracellular magnesium concentrations in mediating the effects observed with ionophore. A priori, it would not be expected that mag- 4 Peak increase in SCC expressed as a percent of base-line SCC (SCCO) in 12 matched hemibladders after addition of 10 mU/ml of ADH to the serosal medium. Bladders were preincubated with ionophore or DMSO (control) before the addition of ADH in Ringers containing 2.5 or 0.2 mM calcium. lonophore, 1 ,uM, blocked significantly the increase in SCC produced by ADH when external Ca was 2.5 mM. In bladders exposed to 0.2 mM external calcium the rise in SCC produced by ADH was less than that observed in bladders exposed to 2.5 mM calcium. However, at Ca concentrations of 0.2 mM ionophore did not inhibit the increase in SCC produced by ADH. Values are mean+SEM. 30 and 60 min of incubation with ionophore as compared to 10 min of incubation suggests that the observed effect represents an increase in the accumulation of calcium rather than a simple exchange of radioactive calcium for cold calciuim contained within the cell. From our data, however, we cannot exclude the possibility that the accumulation of calcium occurs in the membrane itself and not in the cytoplasm or other intracellular structures such as mitochondria. The inhibitory effects of ionophore on SCC, observed after the serosal addition of this substance, followed a timecourse similar to the observed increase in radioactive calcium uptake. That is, the inhibition of SCC occurred after approximately 30 min of exposure to the ionophore. Furthermore, the inhibitory effect of ionophore on SCC was almost completely abolished when the external Ca++ concentration was 0.2 mM Ca, strongly suggesting a role for external calcium concentrations in the mediation of the ionophore effects. When we examined the effects of pentobarbital or lanthanum chloride on the inhibitory action of ionophore on SCC, we observed no effect of the antibiotic on SCC. Both pentobarbital and lanthanum chloride blocked the increased uptake of 45Ca produced by ionophore in isolated toad bladder epithelial cells. These findings, therefore, support the concept that the effects of ionophore on SCC are mediated by the entry of calcium into cells. Our data, furthermore, suggest an effect of ionophore-mediated calcium flux on the generation of cyclic AMP in response to ADH. lonophore, at calcium concentrations of 2.5 mM, partially inhibited the stimulation of SCC produced by ADH. However, when the calcium concentration of the Ringers was 0.2 mM, ionophore did not affect the stimulation of SCC produced by ADH. Likewise, the generation of cyclic AMP was similarly affected. At Call concentrations of 2.5 mM the generation of cyclic AMP in response to ADH was significantly decreased by ionophore. On the other hand, the antibiotic did not affect cyclic AMP production in response to ADH when the external Ca++ concentration was 0. (7, 8) . Possibilities might include anl effect of changes in intracellular calcium oni the permeability to sodium and potassium across the resting membrane, with a resultant decrease in activity of the sodium pump. Large increases in cytoplasmic calcium may have effects on mitochondrial menmbrane function and could affect the metabolic machinery of the cell itself. This latter possibility seems less likely, however, in view of the fact that the time-course for the inhibition by ionophore is much faster than that necessary for depletion of cell ATP stores. In addition, the increase in SCC, an energydependent process, in response to dibutyryl cyclic AMP was unaltered in the presence of ionophore, thereby suggesting that the effects of ionophore are not mediated through an interference with energy metabolism at the level of mitochondria. 
